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Azaspiracids (AZA), a group of lipophilic phycotoxins, are produced by some species of the marine dinophycean
genus Azadinium. AZA have recently been detected in shellﬁsh from the Southeast Paciﬁc, however, AZA-producing
species have not been recorded yet from the area. This study is the ﬁrst record of the genus Azadinium and of the
species Azadinium poporum from the Paciﬁc side of South America. Three strains of A. poporum from Chañaral
(Northern Chile) comply to the type description of A. poporum by the presence of multiple pyrenoids, in thecal plate
details, and in the position of the ventral pore located on the left side of the pore plate. Molecular phylogeny, based
on internal transcribed spacer and large subunit ribosomal DNA sequences, revealed that Chilean strains fall in the
same ribotype clade as European and strains from New Zealand. Analyses of AZA proﬁles using LC–MS/MS
showed an identical proﬁle for all three strains with the presence of AZA-11 and two phosphorylated AZA. This is
the ﬁrst conﬁrmation of the presence of AZA producing Azadinium in the Chilean coastal area and underlines the
risk of AZA shellﬁsh and concomitant human contamination episodes in the Southeast Paciﬁc region.
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INTRODUCTION
The Humboldt Current ﬂowing along the west coast of
South America is one of the major ocean current systems
of the world where cold, nutrient-rich upwelling water
drives high rates of primary and secondary productivity.
Consequently, the water masses off Chile are among the
most productive marine areas on a global scale (Alheit
and Bernal, 1993; Daneri et al., 2000) and marine ﬁsheries
are a key component of the Chilean economy (Gelcich
et al., 2010). During strong upwelling periods, occurring
typically in winter and spring, diatoms dominate the sys-
tem. However, dinophytes and other smaller sized ﬂagel-
lates may dominate during weakened upwelling periods
(typically in summer and autumn) and El Niño periods
when nutrient availability is reduced (Iriarte and Gonzá-
lez, 2004; Ochoa et al., 2010). This is of particular import-
ance as many members of the Dinophyceae or other
planktonic ﬂagellates are known for the production of
potent toxins and other bioactive compounds. This phyto-
planktonic class may form Harmful Algal Blooms (HAB)
causing human health problems, massive killing of ﬁsh,
birds or mammals and/or other ecosystem disruptions
(Smayda, 1997; Hallegraeff, 2003, 2014).
Records of phycotoxins and potentially toxic plankton
species as well as reports of HAB for the Humboldt
Current system off Chile indicate the presence of almost
all known phycotoxins. Pectenotoxins and okadaic acid
including dinophysistoxins in plankton, ﬁlter feeders,
and in cells of local Dinophysis spp. are common (Blanco
et al., 2007; Krock et al., 2009a; Trefault et al., 2011).
Moreover, yessotoxins are reported both in shellﬁsh
(Yasumoto and Takizawa, 1997) and in plankton sam-
ples (Krock et al., 2009a), and blooms of the producing
species Lingulodinium polyedra have been also recorded
(Álvarez et al., 2011). Spirolides are found in shellﬁsh in
northern Chile (Álvarez et al., 2010), and gymnodimines
were recently detected in Chile for the ﬁrst time
(Trefault et al., 2011). In Northern Chile off Bahía
Inglesa, blooms of Pseudo-nitzschia australis and detection
of domoic acid above regulatory levels in scallops have
been reported (Suárez-Isla et al., 2002). Paralytic shell-
ﬁsh poisoning (PSP) is a major problem in southern
Chile (Lagos, 1998; Guzmán et al., 2002). Nevertheless
it is present in the Humboldt Current system, and
blooms of Alexandrium as well as PSP toxins in shellﬁsh
were detected in several aquaculture sites in northern
Chile (Álvarez et al., 2009).
The group of azaspiracids (AZA) were recently also
found in the area (Álvarez et al., 2010; López-Rivera
et al., 2010; Trefault et al., 2011). AZA are the most
recently identiﬁed group of lipophilic marine biotoxins,
which are associated with human incidents of shellﬁsh
poisoning (Twiner et al., 2014). This group of compounds
has been reported in shellﬁsh from numerous geograph-
ical sites, such as the Atlantic coasts of various European
countries including Denmark, France, Ireland, Norway,
Portugal, Spain, Sweden and the United Kingdom
(James et al., 2002; Braña Magdalena et al., 2003; Amzil
et al., 2008; Vale et al., 2008). AZA are known from the
Paciﬁc coast of the United States (Trainer et al., 2013)
and Mexico (García-Mendoza et al., 2014), from the
Atlantic coasts of NW Africa (Taleb et al., 2006) and
Canada (M. Quilliam, personal communication in
Twiner et al., 2008), and from the Asian Paciﬁc off
China (Yao et al., 2010) and Japan (Ueoka et al., 2009).
With respect to South America, AZA have been found
on both the Atlantic and Paciﬁc coasts in Brazil
(Massucatto et al., 2014), Argentina (Turner and Goya,
2015) and Chile (Álvarez et al., 2010; López-Rivera et al.,
2010), respectively.
AZA are produced by some species of the family
Amphidomataceae. This was discovered in 2009 driven
by the targeted search for the planktonic source of AZA
(Krock et al., 2009b) with the ﬁrst described species
Azadinium spinosum Elbrächter et Tillmann (Tillmann
et al., 2009). Among the eleven species of the genus
Azadinium (Tillmann and Akselman, 2016), three have
been found to produce AZA (i.e. Azadinium spinosum,
Azadinium poporum Tillmann et Elbrächter, Azadinium dex-
teroporum Percopo et Zingone) (Krock et al., 2012;
Percopo et al., 2013). AZA have also been found in the
related species Amphidoma languida Tillmann, Salas et
Elbrächter (Tillmann et al., 2012).
Just as for records of AZA in shellﬁsh there is increas-
ing evidence that species of Azadinium and Amphidoma
have a wide geographical distribution in both coastal
and open ocean areas of both the North and South
Atlantic and Paciﬁc (Tillmann et al., 2014b). For the
Atlantic side of South America, Azadinium now is retro-
spectively known to have been present almost two dec-
ades ago and at least three bloom episodes of a diverse
community of Azadinium species occurred in 1990, 1991
and 1998 (Akselman and Negri, 2012; Akselman et al.,
2014; Tillmann and Akselman, 2016). In addition, the
presence of an AZA producing Azadinium, an AZA-2 pro-
ducing A. poporum in the Argentinean coastal area, was
recently conﬁrmed (Tillmann et al. 2016). A. poporum pro-
ducing the same AZA compound, but differing signiﬁ-
cantly in ribosomal sequence data from the Argentinean
population, was recorded in the Gulf of Mexico (Luo
et al., 2016). In the Paciﬁc Ocean, Azadinium has been
recorded in Korea, China and New Zealand (Potvin
et al., 2012; Gu et al., 2013; Smith et al., 2016). However,
on the Paciﬁc side of South America there has been only
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one record of a species determined as A. spinosum on the
Paciﬁc coast of Mexico (Hernández-Becerril et al., 2012).
Despite the known presence of AZA in Chile (Álvarez
et al., 2010; López-Rivera et al., 2010), the causative spe-
cies in Chilean coastal waters thus have not been
detected or identiﬁed yet. This is important because it is
quite likely that the diversity of the Amphidomataceae is
not yet fully explored and thus new toxigenic species
might be present. Knowledge on the species present is
an indispensable prerequisite for any monitoring and/or
early warning system to be successfully implemented.
This is especially true for small and inconspicuous species
like Azadinium whose routine detection and identiﬁcation
require molecular detection tools, which are only avail-
able for known species. Large areas of the Chilean coast
are difﬁcult to access for routine plankton sampling and
thus detailed knowledge on the species composition of
the small plankton fraction is rare. The aim of the pre-
sent study was thus to speciﬁcally search for the presence
of Azadinium and to obtain and grow isolates of Azadinium




In 2014, a sampling campaign was setup to study effects
of heavy metal contamination on plankton in the
Chañaral area, a site heavily affected by copper depos-
ition from the local mining industry. As a side aspect of
this campaign, plankton samples were taken for deter-
mining microalgal toxins and for detecting and charac-
terising potentially toxic species with the special aim for
AZA and Azadinium.
Sampling
Seawater samples were taken from the Chañaral area at
three stations (Fig. 1) aboard a ﬁshing boat from March
11th to March 12th, 2014. Details of sampling stations
are shown in Table I. At each station, three 5 L Niskin
bottle samples (5 m depth) and three vertical plankton net
tows (≥23 µm, 20m depth) were collected and combined
to yield one large volume water sample and one plankton
net concentrate. Water samples were pre-ﬁltered on-
board using a 150 μm nylon net, to exclude large particles
and zooplankton, and stored in the dark in acid-washed
carboys. Physicochemical parameters of seawater were
registered in situ using a CTD-O (SBE19). For a qualita-
tive and quantitative characterization of the plankton
community, half a liter of Niskin bottle samples from each
station was gently concentrated by gravity ﬁltration using
a 3-µm polycarbonate ﬁlter. The plankton concentrate
was washed from the ﬁlter and ﬁxed with Lugol’s iodine
(1% ﬁnal concentration). For cell abundance estimations
using ﬂow cytometry, subsamples of 1.35mL were taken
Fig. 1. Study area and sampling stations in the Chañaral area, off
northern Chile, Southeast Paciﬁc.
Table I: Chañaral area sampling data
Station 1 3 4
Sampling date 11.03.2014 12.03.2014 12.03.2014
Site Pan de Azúcar Playa La Lancha Playa Blanca
Location (Lat; Long) 26°08′26.0″S; 70°41′15.2″W 26°13′27.4″S; 70°40′02.0″W 26°10′58.2″S; 70°39′45.7″W
Temperature (°C) 15.8 12.3 12.2
Salinity 34.5 34.6 34.6
O2 (mL L
−1) 5.61 6.03 6.05
Chlorophyll-a (mgm−3) 13.21 3.17 2.35
NO3 (µmol L
−1) 10.48 10.35 14.79
NO2 (µmol L
−1) 0.93 0.86 0.62
PO4 (µmol L
−1) 1.99 2.00 2.03
Si (µmol L−1) 9.56 9.37 7.94
PTX-2 (ng NT−1) 5 30 61
PTX-2sa (ng NT−1) 16 91 779
Si = silicate; PTX-2 = Pectenotoxin-2; PTX-2sa = Pectenotoxin-2-seco-acid; NT = net tow.
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in triplicate, ﬁxed with 150 µL of ﬁxative solution (10%
formaldehyde, 0.5% glutaraldehyde, 100mM sodium
borate pH 8.5), incubated for 20min at room tempera-
ture and transferred to a nitrogen dry shipper (CXR500,
Taylor Wharton) until transport to the laboratory, where
they were maintained at −80 °C until analysis. For
molecular detection of Azadinium, app. 5 L sample was ﬁl-
tered using a 47mm diameter Swinnex holder system in a
Masterﬂex 6-600 rpm peristaltic pump (Cole Parmer),
and the biomass was collected onto 0.22 µm pore size ﬁl-
ters (GSWP04700, Millipore). Filters were stored in 2mL
sterile cryovials and immediately deep frozen until trans-
port to the laboratory and there, stored at −80 °C until
analysis.
For AZA analysis, 1-L subsamples of the Niskin bottles
were pre-screened through a 20 µm mesh-size Nitex
sieve. Each sample was then ﬁltered under gentle vacuum
through 3 µm pore-size polycarbonate ﬁlters (Millipore).
Filters were attached with the back to the inner wall of
50mL centrifugation tubes and stored at −20 °C until
analysis. For the analysis of other lipophilic toxins, plank-
ton cell concentrates from net tows were added to a vol-
ume of 10 mL of seawater from the same sampling site
and centrifuged at 4000 × g for 10 min at 4 °C. Pellets
were stored at −20 °C until extracted in the laboratory.
Optical analysis of phytoplankton samples
Light microscopy Deﬁned subsamples were settled in
1mL sedimentation chambers. Depending on the cell
size and/or abundance of different groups of microalgae,
either the plankton content of the whole chamber or rep-
resentative sub-areas were counted with an inverted
microscope (Axiovert 40C, Zeiss, Göttingen, Germany).
Flow cytometry Cell abundances of heterotrophic bac-
teria (Het Bact), pico-cyanobacteria, i.e. Synechococcus
(Syn), pico-eukaryotes (Pico-euk) and nano-eukaryotes
(Nano-euk) were determined using a FACSCalibur BD
ﬂow cytometer equipped with an ion–argon laser deli-
vering 15 mW at 488 nm (Becton Dickinson). Light scat-
ter and ﬂuorescence were normalized by adding 1 and
3-µm ﬂuorescent beads to the samples. The data gener-
ated were processed using the CytoWin software.
Molecular identiﬁcation of Azadinium in ﬁeld samples
DNA was extracted from the biomass collected on the
0.22 μm pore size ﬁlters using a phenol:chloroform proto-
col according to Fuhrman et al. (1988). DNA integrity
was checked by 0.8% agarose gel electrophoresis and
DNA was quantiﬁed using the Qubit 2.0 Fluorimeter
(Life Technologies). Azadinium cells were identiﬁed by
ampliﬁcation of the 28 S rRNA gene using primer pairs
Apop62F (5′-GAT GCT CAA GGT GCC TAG AAA
GTC-3′) and Apop148R (5′-CCT GCG TGT CTG
GTT GCA-3′), speciﬁc for A. poporum, Asp48F (5′-TCG
TCT TTG TGT CAG GGA GAT G-3′) and Asp120R
(5′-GGA AAC TCC TGA AGG GCT TGT-3′) speciﬁc
for A. spinosum, and Aob134F (5′-AGG GAT CGA TAC
ACA AAT GAG TAC TG-3′) and Aob208R (5′-AAA
CTC CAG GGACAT GGT AGT CTT A -3′), spe-
ciﬁc for A. obesum (Toebe et al., 2013).
Ampliﬁcations were carried out using 20 µL PCR reac-
tion containing 6.45 µL milliQ water, 4 µL of 5×
Colorless GoTaq Flexi Buffer (Promega), 1.6 µL of
25mM MgCl2 (Promega), 0.4 µL of each primer (10 µM),
0.4 µL of dNTP (10mM), 5 µL of 2 µg µL−1 BSA, 0.25 µL
of 5 U µL−1 GoTaq Flexi DNA Polymerase (Promega)
and 5 ng µL−1 of DNA. PCRs were performed in a
Mastercycler Personal thermocycler (Eppendorf), with
cycle conditions as follows: 5 min at 95 °C, followed by 33
cycles of 45 s at 95 °C, 30 s at 58 °C, 30 s at 72 °C and a
ﬁnal extension of 10 min at 72 °C.
Chemical analysis of ﬁeld samples
Azaspiracids Filters attached to the back to the inner
wall of 50-mL centrifugation tubes were manually rinsed
with 1.5 mL methanol several times, until complete dis-
coloration of the ﬁlters. The methanol extracts were
transferred to high performance liquid chromatography
(HPLC) vials and dried completely under a gentle nitro-
gen stream. Dried samples were taken up in 500 µL
acetone and stored at −20 °C until analysis. AZA ana-
lysis was performed as described below.
Other lipophilic toxins Algal pellets were homogenized by
ultrasonication (sonotrode HD 2070, Bandelin, Berlin,
Germany; 1 min, cycle time 50%, 10% power) with
700 µL methanol. After homogenization, samples were
centrifuged (Eppendorf 5415 R, Hamburg, Germany) at
16 100 × g at 4 °C for 15 min. Supernatants were trans-
ferred to spin-ﬁlters (pore-size 0.45 mm, Millipore
Ultrafree, Eschborn, Germany) and centrifuged for 30 s
at 800 × g. The ﬁltrates were transferred to HPLC vials
and stored at −20 °C until measurement.
Single reaction monitoring measurements Concentrations of
lipophilic toxins were determined as described in Krock
et al. (2008). Toxins analyzed included domoic acid
(DA), gymnodimine (GYM), spirolides (SPX), dinophy-
sistoxins (DTX) including okadaic acid (OA), pecteno-
toxins (PTX), yessotoxin (YTX) and AZA.
Azadinium poporum cultures
Cell isolation, culture growth, sampling for toxins and DNA
Cells were isolated from a water sample taken at Station
1. A Niskin bottle sample (5m depth) was pre-screened
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(20 µm Nitex gauze), gently concentrated by gravity ﬁltra-
tion using a 3-µm polycarbonate ﬁlter, and examined
using a stereomicroscope (Olympus SZH-ILLD; Olym-
pus, Hamburg, Germany) with dark ﬁeld illumination.
From these preparations, clonal cultures of “Azadinium-like
cells”, deﬁned by general size, shape and their characteris-
tic swimming pattern, were established by isolation of sin-
gle cells by micro-capillary into single wells of 96-well
plates each preﬁlled with 0.3 mL of a natural seawater
medium prepared with sterile-ﬁltered (0.2 µm VacuCap
ﬁlters, Pall Life Sciences, Dreieich, Germany) Antarctic
seawater (salinity: 34 psu, pH adjusted to 8.0) and
enriched with 1/10 strength K-medium (Keller et al. 1987;
slightly modiﬁed by omitting addition of ammonium ions).
In this manner, three clonal isolates were established and
designated as strain 1-C11, 1-D5 and 2-B9.
For qualitative toxin analysis, strains were grown in
250 mL plastic culture ﬂasks at 15 °C under a photon
ﬂux density of 60 µmol m−2 s−1 on a 16:8 h light:dark
photocycle. For each harvest, cell density was deter-
mined by settling Lugol-ﬁxed samples and counting
>800 cells under an inverted microscope. Densely grown
strains (ranging from about 10 to 100 × 104 cells mL−1)
were harvested in four 50 mL centrifugation tubes. After
centrifugation (Eppendorf 5810 R, Hamburg, Germany)
at 3220 × g for 10 min, the four pellets were combined in
a microtube, centrifuged again (Eppendorf 5415, 16 000
× g, 5 min), and stored at −20 °C until use. Growth and
harvest procedures were repeated several times (total vol-
ume harvested ranging from 1.8 to 2.0 L for different
isolates) to yield a total number of at least 3.8 × 107 cells
per isolate. Toxin cell quota of each strain was estimated
as the mean of four quantitative analyses of independent
cultures grown under the culture conditions as outlined
above. For each analysis, cell density of the respective
culture was estimated and 50 mL culture volume was
concentrated as described above.
For DNA extraction, each strain was grown in 65 mL
plastic culture ﬂasks under the standard culture condi-
tions described above. 50 mL of healthy and growing
culture (based on stereomicroscopic inspection of the live
culture) were harvested by centrifugation (Eppendorf
5810 R, Hamburg, Germany; 3220 × g for 10 min).
Each pellet was transferred to a microtube, again centri-
fuged (Eppendorf 5415, 16 000 × g, 5 min), and stored
frozen at −80 °C until DNA extraction.
Microscopy
Observation of living or ﬁxed (formalin: 1% ﬁnal concen-
tration; or neutral Lugol-ﬁxed: 1% ﬁnal concentration) cells
was carried out using an inverted microscope (Axiovert
200M, Zeiss, Germany) and a compound microscope
(Axiovert 2, Zeiss, Germany), both equipped with differen-
tial interference contrast optics. Photographs were taken
with a digital camera (AxiocamMRc5, Zeiss, Germany).
Cell length and width were measured at 1000× micro-
scopic magniﬁcation using Zeiss Axiovision software
(Zeiss, Germany) and freshly ﬁxed cells (formalin, ﬁnal
concentration 1%) from dense but healthy and growing
cultures (based on stereomicroscopic inspection of the live
culture) at late exponential phase. For scanning electron
microscopy (SEM), cells were collected by centrifugation
(Eppendorf 5810R, Hamburg, Germany, 3220 × g for
10 min.) of 15mL culture. The supernatant was removed
and the cell pellet re-suspended in 60% ethanol in a
2mL microtube for 1 h at 4 °C to strip off the outer cell
membrane. Subsequently, cells were pelleted by centrifu-
gation (5min, 16 000× g, Eppendorf centrifuge 5415R)
and re-suspended in a 60:40 mixture of deionized water
and seawater for 30min at 4 °C. After centrifugation and
removal of the diluted seawater supernatant, cells were
ﬁxed with formalin (2% ﬁnal concentration in a 60:40
mixture of deionized water and seawater) and stored at
4 °C for 3 h. Cells were then collected on polycarbonate
ﬁlters (Millipore, 25mm Ø, 3mm pore-size) in a ﬁlter
funnel where all subsequent washing and dehydration
steps were carried out. A total of eight washings (2 mL
MilliQ-deionized water each) were followed by a dehydra-
tion series in ethanol (30, 50, 70, 80, 95, 100%; 10min
each). Filters were dehydrated with hexamethyldisilazane
(HMDS), ﬁrst in 1:1 HMDS:EtOH followed by two
times 100% HMDS, and then stored under gentle vac-
uum in a desiccator. Finally, ﬁlters were mounted on
stubs, sputtercoated (Emscope SC500, Ashford, UK)
with gold-palladium and viewed under a scanning elec-
tron microscope (FEI Quanta FEG 200, Eindhoven,
Netherlands). Some SEM micrographs were presented
on a black background using Adobe Photoshop 6.0
(Adobe Systems, San Jose, USA).
Molecular phylogeny
DNA extraction, PCR ampliﬁcation and sequencing DNA was
extracted from the cell pellets (see above) using DNeasy
extraction kit (Qiagen) following the protocol provided
by the manufacturer, with few modiﬁcations. Lysis was
made using warm lysis buffer (65 °C), cells were trans-
ferred to a glass beads solution and fast prep to disrupt
them (2 × 20 s at 6500 rpm), 4 µL of RNAse was added,
and elution was made in 50 µL of elution buffer.
PCR for internal transcribed spacer ribosomal DNA
(ITS rDNA) was performed using primers ITSa (5′-
CCAAGCTTCTAGATCGTAACAAGG(ACT)TCCG
TAGGT-3′) and ITSb (5′-CCTGCAGTCGACA(GT)
ATGCTTAA(AG)TTCAGC(AG)GG-3′) (Adachi et al.,
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1996). PCR for the large subunit ribosomal DNA (LSU
rDNA) was performed using primers D1C (5′-ACCCG
CTGAATTTAAGCATA-3′) and D2R (5′-CCTTGG
TCCGTGTTTCAAGA-3′) (Scholin et al., 1994).
Genomic DNA was ampliﬁed in 20 µL PCR reaction
containing 16.3 µL milliQ water, 2.0 µL of 10×
HotMaster Taq Buffer (Eppendorf, which included
MgCl2), 0.2 µL of each primer (10 µM), 0.2 µL of dNTP
(10 µM), 0.1 HotMaster Taq polymerase (Eppendorf)
and 10 ng µL−1 of DNA. PCRs were performed in a
Mastercycler Personal termocycler (Eppendorf), with
PCR reaction conditions for ITS ampliﬁcation: 4 min at
94 °C, followed by 10 cycles of 50 s at 94 °C, 40 s at
58 °C, 1 min at 70 °C, and then 30 cycles of 45 s at
94 °C, 45 s at 50 °C, 1 min at 70 °C, and a ﬁnal exten-
sion of 5 min at 70 °C, and for LSU ampliﬁcation as
follows: 2 min at 94 °C, followed by 30 cycles of 30 s at
94 °C, 30 s at 55 °C, 2 min at 65 °C, and a ﬁnal exten-
sion of 10 min at 65 °C.
PCR products were puriﬁed with MinElute PCR puriﬁ-
cation kit (Qiagen) and sequenced using an ABI 3130 XL
capillary sequencer (Applied Biosystems). For this, sequen-
cing reaction contained 1 µL of puriﬁed PCR product,
1.5 µL Big Dye Buffer (Life Technologies), 0.3 µL Big
Dye, 1 µL of PCR primer (forward or reverse) and 7.2 µL
of milliQ water. Conditions for sequencing reaction were
as follows: 1 min at 96 °C, followed by 25 cycles of 10 s at
96 °C, 5 s at 50 °C and 4min at 60 °C. Sequencing pro-
ducts were puriﬁed with Agencourt CleanSEQ—Dye
Terminator Removal (Beckman Coulter) and sequenced
in both directions.
Sequences were examined and checked for accuracy
of base-calling using the ABI Sequencing Analysis soft-
ware. Sequences were assembled using the AlignX mod-
ule from Vector NTI software (Life Technologies).
Phylogenetic analysis ITS and LSU rDNA sequences from
A. poporum and Azadinium dalianense were gathered from
GenBank (release 211). These sequences were combined
with the ITS and LSU rDNA sequences obtained from
the new A. poporum strains from Chile, resulting a total of
43 ITS rDNA sequences and 31 LSU rDNA sequences.
Details of A. poporum strains used in this study are listed in
Suppl. Table S01.
Phylogenetic analyses were performed using maximum
likelihood (ML) and Bayesian inference methods, using
MEGA 6 (Tamura et al., 2013) and MrBayes v3.2.5
(Huelsenbeck and Ronquist, 2001), respectively. For this,
ITS and LSU sequences were separately aligned using
Muscle (Edgar, 2004) with 32 iterations and manually
inspected. Alignment ﬁles (*.mas, *.nexus) are available
upon request. For ML, aligned sequences were subjected
to module Model Selection from MEGA 6 to ﬁnd the
best nucleotide substitution model, and to phylogenetic
reconstruction with K2 + G model for nucleotide substi-
tutions (Kimura, 1980) with ﬁve discrete Gamma categor-
ies and 1000 bootstrap replications, both for ITS and
LSU sequences. Then 620 and 617 sites were included in
the analysis of ITS rDNA and LSU rDNA, respectively,
with a complete deletion of gaps and Nearest-Neighbor-
Interchange (NNI) as ML heuristic method. For Bayesian
analysis, the best nucleotide substitution model was found
using MrModeltest (https://github.com/nylander/
MrModeltest2), with a hierarchical Likelihood Ratio Test
(hLRT) and Bayesian inference was performed with F81 I
+ G (Felsenstein, 1981) for ITS and with SYM I + G
(Zharkikh, 1994) for LSU, and 10 000 replications in each
case. Statistical support values (ML-BS: ML-bootstrap
support and B-PP: Bayesian posterior probability) were
included on the resulting best scoring ML-tree.
Genetic pairwise similarities between both ITS and
LSU sequences from A. poporum were calculated after
global alignments using ClustalW using the AlignX
module from Vector NTI software (Life Technologies).
Sequences were deposited in NCBI under accession
numbers KX133010–KX133015.
Chemical analysis of AZA
Single reaction monitoring measurements Water was deionized
and puriﬁed (Milli-Q, Millipore, Eschborn, Germany) to
18M cm−1 or better quality. Formic acid (90%, p.a.),
acetic acid (p.a.) and ammonium formate (p.a.) were pur-
chased from Merck (Darmstadt, Germany). The solvents,
methanol and acetonitrile, were HPLC grade (Merck,
Darmstadt, Germany).
Mass spectral experiments were performed to survey
for a wide array of AZA with an analytical system con-
sisting of an AB-SCIEX-4000 Q Trap, triple quadru-
pole mass spectrometer equipped with a TurboSpray
interface coupled to an Agilent model 1100 LC. The
LC equipment included a solvent reservoir, in-line
degasser (G1379A), binary pump (G1311A), refrigerated
autosampler (G1329A/G1330B), and temperature-
controlled column oven (G1316A).
Cell pellets were extracted with 500 µL acetone by
ultrasonication (Sonotrode, Bandelin HP2070, Berlin,
Germany; 70 s; 70 cycles; 10% power). After homogen-
ization, extracts were centrifuged (Eppendorf 5415 R) at
16 100 × g at 4 °C for 10 min. Each supernatant was
transferred to a 0.45 µm pore-size spin-ﬁlter (Ultrafree,
Millipore, Eschborn, Germany) and for LC–MS/MS
analysis.
Separation of AZA (5 μL sample injection volume) was
performed by reverse-phase chromatography on a C8
phase. The analytical column (50 × 2mm) was packed
with 3 μm Hypersil BDS 120 Å (Phenomenex,
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Aschaffenburg, Germany) and maintained at 20 °C. The
ﬂow rate was 0.2 mLmin−1, and gradient elution was per-
formed with two eluents, where eluent A was water and B
was acetonitrile/water (95:5 v/v), both containing 2.0 mM
ammonium formate and 50mM formic acid. Initial condi-
tions were 8min column equilibration with 30% B, fol-
lowed by a linear gradient to 100% B in 8min and
isocratic elution until 18 min with 100% B then returning
to initial conditions until 21 min (total run time: 29min).
AZA proﬁles were determined in one period (0–18)
min with curtain gas: 10 psi, CAD: medium, ion spray
voltage: 5500 V, temperature: ambient, nebulizer gas:
10 psi, auxiliary gas: off, interface heater: on, declustering
potential: 100 V, entrance potential: 10 V, exit potential:
30 V. Single reaction monitoring (SRM) experiments
were carried out in positive ion mode by selecting the
transitions shown in Table II. In ﬁeld samples, AZA were
measured against an external standard solution of AZA-1
[certiﬁed reference material (CRM) programme of the
IMB-NRC, Halifax, Canada]. Azadinium poporum cultures
were calibrated against an external standard solution of
AZA-1 (CRM) and expressed as AZA-1 equivalents.
Precursor ion experiments Precursors of the fragments m/z
348 and m/z 362 were scanned in the positive ion mode
from m/z 400 to 950 under the following conditions:
curtain gas: 10 psi, CAD: medium, ion spray voltage:
5500 V, temperature: ambient, nebulizer gas: 10 psi,
auxiliary gas: off, interface heater: on, declustering
potential: 100 V, entrance potential: 10 V, collision
energy: 70 V, exit potential: 12 V.
Product ion spectra Product ion spectra were recorded in
the enhanced product ion mode in the mass range from
m/z 150 to 930. Positive ionization and unit resolution
mode were used. The following parameters were applied:
curtain gas: 10 psi, CAD: medium, ion spray voltage:
5500 V, temperature: ambient, nebulizer gas: 10 psi, auxil-
iary gas: off, interface heater: on, declustering potential:
100 V, collision energy spread: 0, 10 V, collision energy:
70 V.
Spike experiment One cell pellet of strain 1-C11 was
spiked with 30 µL of a 1 ng µL−1 AZA-1 solution and
another pellet with 30 µL of a 1 ng µL−1 AZA-2 solu-
tion. 120 µL acetone was added to both samples for
homogenization and extraction as described above.
RESULTS
Field data
Sampling site description, Hydrography and Chemistry
The geographic location of the three sampling stations
inside the Chañaral area, in the Southeast Paciﬁc, is
shown in Fig. 1. Physicochemical properties of the sea-
water at the depth of sampling at each of the stations
show that temperature and the average chlorophyll a
was higher in the stations near Pan de Azúcar Island
(Station 1) compared to Playa La Lancha and Playa
Blanca (Stations 3 and 4, Table I). A high ﬂuorescence
at Station 1, which was close to Pan de Azúcar creek,
was evident. Temperature ranged between 12.2 and
15.8 °C with higher temperature at Station 1, the most
inshore station. Salinity was around 34.5 and showed no
major variation between the sampling sites. Nutrient
levels were moderately high (NO3 > 10 µM, PO4 ≥
2 µM, Silicate > 7 µM) and similar for all three sampling
stations (Table I).
Plankton composition
Flow cytometry measurements indicated that Stations 1,
3 and 4 were similar in the general pattern of abun-
dance of the different plankton groups (Table III).
Synechococcus spp. showed the highest abundance fol-
lowed by pico-eukaryotes and nano-eukaryotes. At
Station 3 pico-eukaryotes with an estimated cell size
between 1 and 2 µm were the most abundant
(Table III). Nano-eukaryotes, which are in the cell size
range of Azadinium species, were more abundant in
Table II: Mass transitions m/z (Q1 > Q3




716 > 698 AZA-33 40
816 > 798 AZA-39 40
816 > 348 AZA-39 70
828 > 658 AZA-3 70
828 > 810 AZA-3 40
830 > 812 AZA-38 40
830 > 348 AZA-38 70
842 > 672 AZA-1 70
842 > 824 AZA-1, AZA-40 40
842 > 348 AZA-40 70
844 > 826 AZA-4, AZA-5 40
846 > 828 AZA-37 40
846 > 348 AZA-37 70
854 > 836 AZA-41 40
854 > 670 AZA-41 70
854 > 360 AZA-41 70
856 > 672 AZA-2 70
856 > 838 AZA-2 40
858 > 840 AZA-7, AZA-8, AZA-9, AZA-10, AZA-36 40
858 > 348 AZA-36 70
868 > 362 Undescribed 70
870 > 852 Me-AZA-2, AZA-42 40
870 > 360 AZA-42
872 > 854 AZA-11, AZA-12 40
910 > 892 Undescribed 40
936 > 918 AZA-2 phosphate 40
952 > 818 AZA-11 phosphate 40
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Station 1. Heterotrophic bacteria were also more abun-
dant at Station 3 compared to the others stations.
Direct examination of live concentrated plankton
samples in the ﬁeld, even when using the basic micro-
scope available, clearly indicated the presence of
Azadinium sp. (Fig. 2A and B) in the water, as indicated
by size, shape and from the characteristic swimming
pattern. A characterization and quantiﬁcation of the
whole plankton community using ﬁxed samples showed
that gross plankton composition was fairly similar in the
area (Table III), with particularly high abundances of
the colonial haptophycean species Phaeocystis sp. In add-
ition, the diatoms Guinardia striata and G. delicatula were
high in abundance. Among dinophycean, large Tripos
(T. muelleri, T. furca) and Dinophysis (Dinophysis acuminata,
D. caudata) and a highly diverse community of species of
the heterotrophic genus Protoperidinium were present. At
stations 1 and 4, a number of small dinoﬂagellates of an
“Azadinium-like” appearance (Fig. 2C–F) in the ﬁxed
samples were present with maximum densities of 6.8 ×
103 cells L−1 (Table III).
Molecular detection of Azadinium cells in ﬁeld samples
All ﬁeld samples analyzed were positive for A. poporum
molecular detection using speciﬁc primers for this spe-
cies. Neither A. spinosum nor A. obesum yielded positive
signals using speciﬁc primer for these two species (data
not shown).
Lipophilic toxins
None of the currently known AZA (Table II) could be
detected, either in the screening of the plankton (3–
20 µm size) ﬁlters or in the plankton concentrates of net
hauls. However, in the plankton concentrates pecteno-
toxins (PTX) were present at all three stations. In the
net hauls PTX-2 seco acid (PTX-2sa) was more abun-
dant than PTX-2 with a maximum value of 779 ng
PTX-2sa per net tow at Station 4 (Table I).
Azadinium poporum cultures
Morphology, light- and electron microscopy
Inspection of living ﬁeld samples and cell isolation yielded
three clonal cultures (1-C11, 1-D5 and 2-B9) identiﬁed as
Azadinium, all of them originating from Station 1. Light
microscopy (LM) and SEM of isolates conﬁrmed that
they all were identical in terms of morphology and that
they all represented the species A. poporum.
General size, cell shape, pattern and arrangement of
thecal plates were consistent with previous descriptions of
the species (Fig. 3). Freshly formalin preserved cells
Table III: Abundance of the most important
plankton species/groups (cells L−1 for the lar-
ger size fraction quantiﬁed with light micros-
copy and 103 cells mL−1 for the small size





Dinophysis sp. 1116 648 792
Dinophysis caudata 36 24 24
Tripos muelleri 1236 768 1272
Tripos furca 196 144 384
Protoperidinium spp. 1208 1461 1224
Azadinium-like 6840 0 1584
Guinardia striata 168 460 49 128 46 296
Guinardia delicatula 10 900 7776 5304
Small naked dinophyceae 5000 360 1056
Large ciliates (>20 µm) 1620 72 360
Small ciliates (<20 µm) 2660 0 0
Unid. Flag. sp. 1 (ca.
15 µm)
17 960 50 904 14 856
Cryptophyceae 9720 2832 3192
Phaeocystis sp. 1 711 920 2 200 104 1 292 232
Flow cytometry
Het Bacta (103 cells mL−1) 739.36 2255.27 460.51
Synb (103 cells mL−1) 15.21 0.32 6.00
Pico-eukc (103 cells mL−1) 5.38 12.15 1.38
Nano-eukd (103 cells mL−1) 1.62 0.25 0.4





Fig. 2. Live (A, B) and lugol-ﬁxed (C–F) ﬁeld samples from station 1
showing presence of Azadinium sp. (A, B) and/or “Azadinium-like” cells
(C (arrows)–F). Scale bar = 5 µm.
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ranged from 11.9 to 18.0 µm in length and 9.3 to
14.4 µm in width (mean ± SD length and width: 15.0 ±
1.3 µm and 11.5 ± 1.1 µm, n = 62 for 1-C11; 14.7 ±
1.1 µm and 11.6 ± 1.1, n = 105 for 1-D5; 14.7 ± 1.2 µm
and 11.3 ± 1.0, n = 86 for 2-B9). The mean length/width
ratio of all measurements of all isolates was of 1.3.
Chilean A. poporum were ovoid with a broad slightly des-
cending cingulum (Fig. 3C and D). The episome was
higher than the hyposome and terminated in a conspicu-
ous apical pore complex (APC) (Fig. 3B and C). The
hyposome was broadly rounded (Fig. 3A, F and G–I)
or slightly dented with an irregular outline (Fig. 3 B–C).
Fig. 3. Azadinium poporum (Chilean strains). LM (A–F) of formalin ﬁxed cells or SEM (G–U) micrographs. (A–F) General size and shape. Note the
presence of large pyrenoids in the episome and in the hyposome (white arrows in B, C and F). Black arrow in B indicates the pointed apical pore
complex. (D, E) Same cell in ventral (D) or dorsal (E) view. In (E) note the parietally located and reticulate chloroplast. (G–U) SEM micrographs
of different cells to illustrate thecal plate arrangement and plate details. Whole cell in (G) ventral view, (H) dorsal view, or (I) lateral view. (J)
Epitheca in apical view. (K) Hypotheca in antapical view. (L–O) Detailed view of the ﬁeld of pores on plate 2´´´´. (P) Ventral view of the hypothe-
ca showing sulcal plate arrangement. (Q) Dorsal/apical view of the hypotheca showing the series of cingular plates (C1–C6) with an interior view
of the sulcal plates. (Sa: anterior sulcal plate; Sp: posterior sulcal plate; Ss: left sulcal plate; Sm: median sulcal plate; Sd: right sulcal plate). (R, S),
Apical pore complex (APC) in external (R) and internal (S) view. po = pore plate, cp = cover plate, vp = ventral pore, X = X-plate. (T, U) Two
rare cases where the ventral pore (white arrow) was found slightly displaced inside of the pore plate. Scale bars = 2 µm (A–Q) or = 1 µm (R–U).
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A presumably single lobed and retiform chloroplast
(Fig. 3E) and a large ovoid nucleus in the center of the
cell (Fig. 3C) were visible in LM. Pyrenoid(s) with a starch
sheath (visible as a ring-like structure) were always present
(Fig. 3B, C and F). The number of pyrenoids per cell was
difﬁcult to determine reliably but generally multiple pyre-
noids were observed. Within all cells inspected pyrenoid
numbers from 1 to 6 were recorded, however the most
common number of pyrenoids per cell was two, one
located in the epi- and hyposome, respectively (Fig. 3C).
The plate pattern (Fig. 3G–K; P–R) with the APC
consisting of a pore plate, a cover plate and a small and
rectangular X-plate (Fig. 3R and S), with four apical
plates, three anterior intercalary plates, with six plates
each in the precingular, the cingular and the postcingu-
lar series, with ﬁve sulcal plates and with two antapical
plates, agreed with previous descriptions of the type
material for A. poporum (Tillmann et al., 2011) as was the
size and arrangement of plates and the presence and
location of the ventral pore (Fig. 3) located on the left
lateral side of the pore plate.
Thecal plates were smooth and irregularly covered by
few small pores. Most conspicuously, the number of thecal
pores on the large right antapical plate 2´´´´ was variable
within all three isolates, ranging from very few to a high
number of pores forming a distinct ﬁeld (Fig. 3L–O).
All three cultured strains exhibited some variability in
terms of shape of plates, and a number of deviations from
the typical plate pattern were observed. Variations in plate
pattern primarily consisted of additional sutures between
the epithecal plates, although variation in number of
hypothecal plates was also observed (not shown). The pos-
ition of the ventral pore was consistent among hundreds of
cells inspected, but as a rare exception the pore was found
slightly displaced inside of the pore plate (Fig. 3T–U).
Phylogeny
Azadinium poporum ITS and LSU sequence analyses using
A. dalianense as outgroup show similar results, both for
ML and Bayesian inference phylogenies. ITS and LSU
rDNA phylogenetic analysis indicated that Chilean A.
poporum strains cluster together with strains from the
North Sea, and Tasmanian Sea, in well-supported clades.
The best scoring ML trees for ITS and LSU rDNA genes
(−ln = 1292.77 and 1266.23, respectively) are shown in
Fig. 4 and 5, in which most nodes had high statistical sup-
port. In the case of the ITS based phylogeny, high boot-
strap and probability values strongly supported that A.
poporum 2-B9, 1-C11 and 1-D5 are part of the ribotype A
of A. poporum (ML bootstrap support value, ML-BS: 93
and Bayesian posterior probability value, B-PP: 1). This
was also inferred using the LSU sequences, Chilean A.
poporum form a highly supported clade containing the
isolates from the North Sea and A. poporum CAWD230
from Tasmanian Sea (ML-BS: 98, B-PP: 0.99). Overall
topology using ITS (Fig. 4) and LSU rDNA genes (Fig. 5)
shows 3 well-supported clades, comprising the A. poporum
ribotypes A, B and C, with the isolate from the Gulf of
Mexico clustering outside ribotypes B and C, within not
well resolved branches (ribotype D). Clades correspond-
ing for ribotypes B and C (ML-BS: 86, B-PP: 0.48, and
ML-BS: 96, B-PP:1, for ITS and ML-BS: 89, B-PP: 0.99,
and ML-BS: 84, B-PP: 0.89 for LSU, respectively), were
highly consistent between them.
For the ITS sequences, multiple sequence global align-
ment indicates that Chilean Azadinium strains are 99.8%
similar with a 629 bp comparison, and only one mismatch.
Visual inspection of the Sanger spherogram indicated that
this mismatch is not due to sequencing error. Similarity
inside the different ribotypes of A. poporum ranged from
99.4 to 98.6%, for ribotypes A and C, and B, respectively.
Inside the ribotype A, two mismatch or variable positions
differentiate the strains from the Southeast Paciﬁc, off
Chile from the ones from the North Sea, off Denmark.
For the LSU rDNA gene, Chilean Azadinium strains are
100% similar along 650 bp. Similarity inside the different
ribotypes was 99.8, 98 and 99.7% for ribotype A, B and
C, respectively. For the ribotype A, only one variable pos-
ition separates Chilean strains (Southeast Paciﬁc) and
the one from New Zealand (Tasmanian Sea), from the
European (North Sea). Tables IV and V show pairwise
comparisons of partial ITS and LSU sequences of selected
strains from each ribotype of A. poporum, including the
ribotype D, with only one representative, GM29 from the
Gulf of Mexico. A higher variability can be seen in
the LSU rDNA gene fragments, as represented by the
high number of variable positions and lesser similarity
compared to the ITS rDNA fragment.
Azaspiracids
All three Chilean isolates of A. poporum displayed qualita-
tively identical AZA proﬁles. The proﬁles consisted of
AZA-11 as the most abundant variant followed by AZA-
11 phosphate (m/z 952) and by another phosphorylated
AZA with a m/z value of 910. AZA-11 was unambigu-
ously identiﬁed by comparison of retention times and col-
lision induced dissociation (CID) spectra of the sample
(Fig. 6A) with AZA-11 isolated and puriﬁed from Irish
mussels. AZA-11 phosphate was identiﬁed by its CID
spectrum, which showed the identical fragments of AZA-
11, but which were generated from the 80Da higher
pseudo-molecular ion m/z 952 (Fig 6B). In addition to
these two AZA, a third AZA-related compound (1) with
m/z 910 was detected by a precursor scan of m/z 362.
This compound has not been reported before, but shows
all characteristic AZA fragments in its CID spectrum: m/z
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462, 362, 262 and 168 (Fig. 6C). Like AZA-11 phos-
phate, the spectrum of (1) shows no fragments between
m/z 910 and 830, which leads to the conclusion that (1)
likewise is a phosphorylated AZA.
Spike experiment In order to test if AZA-11 phosphate
was an extraction artefact or de novo synthesized by A.
poporum, in separate experiments AZA-1 and AZA-2,
respectively, were added to cell pellets of A. poporum
Fig. 4. Maximum likelihood tree based on ITS sequences from the Azadinium poporum strains. The tree was rooted using Azadinium dalianense
AZCH02. The alignment comprised 43 sequences, with 620 informative positions. Numbers above or below branches represent ML bootstrap
support values/Bayesian posterior probability values, only ≥0.90, and ≥50 are shown. Scale bars indicate number of nucleotide substitutions per
site. A. poporum strains from the Southeast Paciﬁc, off Chile, characterized in this study are shown in bold.
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Fig. 5. Maximum likelihood tree based on LSU rDNA gene sequences from the Azadinium poporum strains. The tree was rooted using Azadinium
dalianense AZCH02. The alignment comprised 31 sequences, with 617 informative positions. Numbers above or below branches represent ML
bootstrap support values/Bayesian posterior probability values, only ≥0.90, and ≥50 are shown. Scale bars indicate number of nucleotide substi-
tutions per site. A. poporum strains from the Southeast Paciﬁc, off Chile, characterized in this study are shown in bold.
Table IV: Pairwise genetic similarity (%) of partial ITS rDNA fragments between selected A. poporum
strains from each ribotype and number of variable positions (in parenthesis)
Ribotype
A B C D
Southeast Paciﬁc North Sea Bohai Sea East China Sea East China Sea Southwest Atlantic Gulf of Mexico
1-D5 UTHC5 G25 G62 G42 18A1 GM29
1-D5 99.7 (2) 97.5 (16) 97.6 (15) 97.5 (16) 97.8 (14) 97.8 (14)
UTHC5 97.4 (17) 97.5 (16) 97.4 (16) 97.5 (15) 97.6 (14)
G25 99.8 (1) 98.3 (11) 98.1 (12) 98.9 (7)
G62 98.1 (12) 98.0 (13) 98.8 (8)
G42 99.5 (3) 98.4 (10)
18A1 98.3 (11)
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1-C11 prior to AZA extraction. After extraction both
samples were tested for their AZA proﬁles. Whereas
AZA-11 and AZA-11 phosphate were detected in both
experiments, no phosphates of AZA-1 and AZA-2 were
detected in any experiment (data not shown).
Cell quota AZA-11 cell quota as AZA-1 equivalents
were estimated from four independently grown cultures
each and were 3.2 ± 0.9, 3.1 ± 0.7 and 3.6 ± 2.8 pg
cell−1 for isolate 1-C11, 1-D5 and 2-B9, respectively.
AZA-11 phosphate was less abundant in these strains.
The highest proportion of the phosphate was found in
strain 1-C11 with 13%, whereas strains 1-D5 and 2-B9
had 7 and 4% of AZA-11, respectively. Even less abun-
dant was compound (1) with 0.4, 0.7 and 0.3% of AZA-
11 in strains 1-C11, 1-D5 and 2-B9, respectively.
DISCUSSION
This is the ﬁrst record of the toxic genus Azadinium and
of the species A. poporum in waters from the Paciﬁc side
of South America. Azadinium poporum was initially
described from the North Sea (Tillmann et al., 2011) as
the third description of a species within this genus. Since
then it has been identiﬁed in various areas such as the
Asian Paciﬁc (Potvin et al., 2012; Gu et al., 2013), New
Zealand (Smith et al., 2016), Gulf of Mexico (Luo et al.,
2016) or South Atlantic of Argentina (Tillmann et al.,
2016). This ﬁrst record of A. poporum from Chile repre-
sents an important range extension of the species to the
Southeastern Paciﬁc and thus conﬁrms that this species
has a rather widespread global distribution. Azadinium
poporum requires special attention because this is one of
the four species of Amphidomataceae that produce the
human gastrointestinal toxin AZA.
Morphology
Both morphology and phylogeny leave no doubt that all
three Chilean Azadinium strains indeed can be identiﬁed
as A. poporum. At the LM level, general size and shape as
well as the presence of multiple pyrenoids with a starch
sheath (visible as a ring-like structure) agree with the
type material of A. poporum. Plate details most important
for identiﬁcation of Azadinium species include the pres-
ence/absence and/or location of a single antapical spine
and primarily the position of a ventral pore (Tillmann
et al., 2014a, 2014b). The Chilean strains show the ven-
tral pore position typical for A. poporum being located
anterior at the cells left side of the pore plate at the
junction with the ﬁrst two apical plates. A rather similar
position of the ventral pore, however, is also present in
Azadinium dalianense and Azadinium trinitatum (Luo et al.,
2013; Tillmann et al., 2014a). Azadinium dalianense differ
signiﬁcantly in number of apical plates (Luo et al., 2013;
Tillmann and Akselman, 2016). Azadinium trinitatum has
an antapical spine, and the position of the ventral pore
is slightly different; whereas the ventral pore is located
more in a cavity of the pore plate in A. poporum, the ven-
tral pore in A. trinitatum is located more in a cavity of the
1′ plate at the tip of an elongated side of the pore plate.
Despite some variability in general shape, the Chilean
strains did not show a variability in hypothecal shape as
described for the Argentinean strains of A. poporum
(Tillmann et al., 2016). In contrast, a structured ﬁeld of
pores on the second apical plate, which was emphasised
as a conspicuous feature of Argentinean A. poporum, was
also seen for some cells of the Chilean strains, but the
number of pores in this area was highly variable
(Fig. 4L–O). Such a group of pores on the dorsal side of
the second antapical plate was also occasionally
observed in A. poporum from the Gulf of Mexico (Luo
et al., 2016), in a Korean strain (Potvin et al., 2012), and
in many Chinese strains (Haifeng Gu, personal commu-
nication). This suggests that this is a widespread and
common morphological feature of A. poporum, which
however seems not to be stable and thus is of little diag-
nostic value. As it has been described for other A. popor-
um cultures (Tillmann et al., 2011; Gu et al., 2013; Luo
et al., 2016; Tillmann et al., 2016), aberrant plate pattern
Table V: Pairwise genetic similarity (%) of partial LSU rDNA fragments between selected A. poporum
strains from each ribotype and number of variable positions (in parenthesis)
Ribotype
A B C D
Southeast Paciﬁc North Sea Tasmanian Sea Bohai Sea East China Sea Southwest Atlantic Gulf of Mexico
1-D5 UTHC5 CAWD230 G25 G42 18A1 GM29
1-D5 99.8 (1) 100 (0) 96.0 (26) 96.3 (24) 96.3 (23) 95.1 (31)
UTHC5 99.9 (1) 96.5 (26) 96.8 (23) 96.5 (22) 95.5 (32)
CAWD230 96.3 (25) 96.6 (24) 96.3 (24) 95.9 (32)
G25 97.8 (16) 97.7 (16) 97.7 (16)
G42 100 (0) 98.3 (12)
18A1 98.2 (12)
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Fig. 6. CID spectrum of (A) AZA-11, (B) AZA-11 phosphate and (C) AZA-910.
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also occurred in cultures of the Chilean strains of A.
poporum. The position of the ventral pore, however, was
rather stable and supports the view that this is a distinct
and species-speciﬁc character for species of Azadinium,
although very rarely deviating positions of the ventral
pore, as detected here for two cells (Fig. 3T and U)
were recorded for other strains/species as well (Potvin
et al., 2012; Tillmann et al., 2014a).
Phylogeny
Molecular phylogeny likewise shows that the Chilean
Azadinium strains belong to A. poporum. As in all previous
ITS/LSU trees of A. poporum strains (Gu et al., 2013; Luo
et al., 2016; Tillmann et al., 2016), A. poporum forms well-
supported clades, one of them (ribotype B) including mul-
tiple strains originating from the coast of China as well as
the Korean strain. A second clade (ribotype C) includes
strains from the East China Sea, South China Sea and
the Argentinean strains; and a third (ribotype A) consists
of strains from Europe, the strain from New Zealand,
and all three Chilean strains. Slight differences in the pos-
ition of some strains from the ribotypes B and C between
this work, Gu et al. (2013), Tillmann et al. (2016) and Luo
et al. (2016), reinforce the need for more isolates to cap-
ture a more accurate picture of the genetic variation
inside the A. poporum species. More importantly, valid bio-
geographic inferences probably will require not only a
much larger number of isolates, but also a much wider
geographical coverage. Moreover, analysis of other more
variable marker genes would be needed for a detailed
investigation of genetic diversity and distribution inside
the Azadinium genus. Nevertheless, available data suggest
that South Atlantic (Argentina) and North Paciﬁc (Korea,
China) strains on one hand, and South Paciﬁc strains
from both New Zealand and Chile together with
European strains seem to originate from a single ancestor
and that dispersal links should exist between these distant
geographical areas.
Field situation
Chañaral area at northern Chile is characterized on one
hand by important anthropogenic pollution due to con-
tinuous mine tailings discharging that deposited around
280 × 106 tons of untreated copper residues (Correa
et al., 1999). On the other hand, the area encompasses a
large National Park including one of the most important
marine fauna reservoirs in the Humboldt Current System.
Azadinium poporum was observed in the area in full saline
(salinity 34.5) conditions and rather cold water tempera-
ture 12–14 °C. Waters were characterized by a N:P ratio
below the Redﬁeld’s value (Redﬁeld, 1958), and similar
values of N and Silicates, as reﬂected in the Redﬁeld ratio
for diatoms (Brzezinski, 1985). Specimens of A. poporum
were part of a community quite typical for late summer
plankton dominated by diatoms and the haptophyte
Phaeocystis sp. and with Dinophysis acuminata and the
Dinophysis toxins present. Identifying the presence of
Azadinium in live samples was straightforward, as here the
typical swimming pattern could be used as a distinctive
feature in addition to cell size and shape. In the Lugol
ﬁxed samples it was more difﬁcult to differentiate
Azadinium from similar sized species (e.g. Heterocapsa spp.).
The abundance data are therefore given as “Azadinium-
like cells” and thus are most probably overestimating true
Azadinium abundance. In any case, a maximum value of
6800 cells L−1 of Azadinium-like cells indicates that abun-
dance was low compared to bloom densities of Azadinium
reported in Argentina of 2.5 × 106 cell L−1 (Akselman and
Negri, 2012). This corresponds to the fact that AZA
were not chemically detected in the Chañaral samples.
Exclusive of any potential loss of toxins due to the ﬁl-
tration method, according to the detection limit of the
LC–MS method, combined with the sample and
extraction volume and a cell quota of 3.3 fg cell−1, a
positive AZA record would have required a minimum
concentration of 8000 cells L−1. Nevertheless, the pres-
ence of A. poporum in the area was conﬁrmed by posi-
tive signals of the A. poporum speciﬁc molecular marker.
PCR detection for two other species of Azadinium, A.
spinosum and A. obesum, were negative, however it can-
not be excluded that these species occur at a different
time in the year or in other locations along the Chilean
coast. Likewise, obtaining three isolates of the same
species does not mean that other species of Azadinium
are absent. AZA-1 has been detected in Chilean shell-
ﬁsh samples (Álvarez et al., 2010; López-Rivera et al.,
2010), and this compound has up to now not been
found for A. poporum, providing evidence for the pres-
ence of other species of Amphidomataceae in this
region. In contrast, AZA-11, the compound produced
by Chilean A. poporum, has not been reported in previ-
ous shellﬁsh analysis, but this can be explained because
the methods used in the above mentioned works by
López-Rivera et al. (2010) and Álvarez et al. (2010)
were not designed to detect AZA-11.
Toxins
For the Chilean strains of A. poporum the analysis revealed
only one AZA, namely AZA-11. This AZA derivative,
even though initially reported as a shellﬁsh metabolite of
AZA-2 through 3-hydroxylation (Rehmann et al., 2008)
has been reported before to be produced by several strains
of A. poporum from the Northwest Paciﬁc (Krock et al.,
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2014). Nevertheless, toxin proﬁle variability of A. poporum
seems to be high in the Northwest Paciﬁc with A. poporum
strains producing AZA-2, -11, -36, -40 and -41 (Krock
et al., 2014). The strains from Chile reported here produce
only AZA-11, but these are the only strains from the
Southeast Paciﬁc available so far. Available strains of A.
poporum from the other side of the South American contin-
ent, in the Southwest Atlantic, also produce only one
AZA, which is AZA-2 (Tillmann et al., 2016). Altogether,
these data point to the need of further studies for both
sides of South America to fully evaluate whether this situ-
ation reﬂects a conserved toxin proﬁle representative for a
larger area. Within Argentinean A. poporum for the ﬁrst
time a phosphorylated variant of AZA-2 has been
reported (Tillmann et al., 2016), which prompted us to
investigate, if the Chilean isolates of A. poporum also con-
tained the respective phosphate. This was indeed found
and raises the question, if the AZA phosphates are true
dinoﬂagellate secondary metabolites or if phosphorylation
is an extraction artefact which might occur during spon-
taneous or enzymatic reaction during cell homogeniza-
tion. In order to test this hypothesis a spike experiment
was performed in which AZA-1 and AZA-2 were added
to A. poporum cell pellets before homogenization of the
sample and to test if phosphates of these two AZA were
formed during extraction. However, this was not the case.
In contrast to the presence of AZA-11 phosphate, no
AZA-1 or AZA-2 phosphates were detected. This leads to
the conclusion that AZA phosphorylation is occurring de
novo within the dinoﬂagellate cells. Interestingly, the A.
poporum isolates, in addition to AZA-11 and its phosphate,
produce another AZA-related compound with pseudo-
molecular ion m/z 910. Its CID spectrum (Fig. 6C) would
be consistent with AZA-35 which has recently been
described by Kilcoyne et al. (2014) from A. spinosum.
However, the corresponding parent compound AZA-35
or any other AZA with this m/z value could not be
detected in these strains. This was quite unexpected, as in
the case of AZA-11 the phosphate showed much smaller
abundances as the parent compound AZA-11. The same
was also observed for the Argentinean strain of A. poporum
(Tillmann et al., 2016), where the parent compound AZA-
2 was much more abundant than its phosphate. At the
moment there is no explanation for this discrepancy, but
it may be an indication that AZA biosynthesis or internal
turnover is more complex than currently believed.
CONCLUSION
The A. poporum strains from the Southeast Paciﬁc char-
acterized in this work underline the cosmopolitan distri-
bution of this species. Toxin production and molecular
phylogeny indicate that the Chilean A. poporum strains
share AZA-11 production with some Asian strains, but
are genetically similar to the Northern Europe isolates,
suggesting that these strains emerged from a single
ancestor and that dispersal links should exist between
these distant geographical areas. This ﬁrst conﬁrmation
of the presence of AZA producing Azadinium in the
Chilean coastal area underlines the risk of AZA shellﬁsh
and concomitant human contamination episodes in the
Southeastern Paciﬁc region.
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